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Abstract 
The present day automotive industry looks for every option to attract the customers with products which will be generating lower 
noise, consume lesser fuel but also be equally powerful. This unique requirement drives the motivation for building each and 
every aspect of a dynamical system to be represented in the math model. The product should be durable, less noisy, powerful, as 
well as elegant. The most challenging factor among these requirements is system noise and vibration, because better comfort 
means less noisy as perceived by the customers. Few years before almost all the major automotive  industry were relaying with 
FEM and BEM based approach for building the model for addressing low and mid frequency issues (up to 3000Hz). The aim of 
this paper is to provide a review of literature on the analysis techniques and validation methods used to address NVH issue in 
power-train systems, and also it covers the analysis procedures on present and future trends 
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1. Introduction 
Power-train NVH is a vast area lots of related publication can be seen in this area. The power-train system of a 
vehicle typically includes the engine and transmission (power plant), driveline, axle, induction and exhaust 
subsystems and shown in Figure 1. From the literature one can find that for addressing issues with low to mid 
frequency vibrations almost all the major automotive industries were relaying with FEM and BEM based approach 
along with some 1D analysis approach. For high frequency analysis (> 3000Hz) SEA (statistical energy analysis) 
has been used. In that process FEM models has been analyzed for predicting the power-train bending modes, modal 
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frequencies of subsystems or FRFs ( Frequency response functions) and BEM model are used for predicting the 
SPLs ( Sound power levels). These procedures at large has lots of limitation mainly because, these are not an 
integrated model wherein the three steps of noise analysis i.e source of excitation, power transmission and noise 
generation are in one platform. As these procedures use multiple software platforms, this makes it difficult to 
investigate the effect of interactions between above steps. Though contact based nonlinear analysis approach using 
ABAQUS explicit and similar tools has been used for building up a system level dynamic model,  solution time 
taken by these approach were very large. This has restricted building of a complex dynamic analysis model only for 
subsystems of a transmission or engine by leveraging the best capability of a specific tool (May it be 1D or 3D). 
Generally different models are built for studying the noise issues for low, mid and high frequency using different 
software. Though studying the high frequency noise need a totally different approach. Still very few works have 
been reported on building a complete dynamic model, applicable for noise prediction from low to mid frequency, for 
a complex system like power-train.  This paper aims at showing the evolution of power-train NVH analysis, present 
practice and proposed novel ways to deal with prediction, process of characterization and reduction of low and mid 
frequency noise in the automotive industry. 
 
 
 Figure 1. Different systems of a power-train.  
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2.  Evolution of power-train NVH procedure 
2.1. FE analysis for power-train systems 
Since the wide application of FEA, numerous methods have been developed for carrying out the NVH analysis of 
the power-train systems. These methods use different tools and software to meet some specific requirement of NVH 
analysis. Generally the NVH analysis can be carried out using 3D FEA analysis, 1D analysis and Multi body 
dynamic analysis.  First and commonly used procedures in the power-train NVH requirement, which is not much 
complex but takes very long time due to detailed FE model requirement of a complex system like power-train, are 
power-train bending analysis, power-train forced response analysis and power-train mount vibration analysis. 
Power-train bending analysis is very useful mainly due to the fact that it gives accurate information on bending 
frequencies so that measures can be taken to avoid getting these modes excited by engine or other subsystem 
operations. Some information on power-train bending analysis can be seen in [1]. In this paper three areas of 
development in resolving vehicle NVH issues using analytical and experimental tools were discussed those are (1) 
power-train bending induced vehicle NVH concerns at high speeds; (2) exhaust modes induced - idle boom 
vibrations, normal vehicle speed moaning noise; and (3) driveshaft modes and axle gear mesh force induced axle 
whine noise. As far as analytical work on power-train bending and identifying the exhaust modes or drive shaft 
modes are concerned FEA was the common choice. 
The flow chart shown in Figure-2 describes the steps used for FE analysis of a power-train system
 
                                                   Figure 2. Steps used for FEA analysis. 
 To obtain system level understanding, a DOE (Design of Experiments) analysis is very useful. In DOE analysis 
performance of a power-train is evaluated for different values of system parameters. DOE analysis for minimizing 
the engine-induced harshness based on NVH analysis of a full vehicle model is computationally expensive; this type 
of analysis was done in [3]. In this study they have also taken stiffness and strength constraints into account. NVH 
analysis results of the whole vehicle were used in an optimization procedure to suppress the transmitted vibration. 
Transmitted accelerations to the mid-point of the driver’s seat rail were minimized. A DOE-based response surface 
methodology (RSM) was adopted to determine the optimal solution. Natural frequencies of the body, suspension, 
and other subsystems were taken into consideration in determining the optimal solution.  Though a detailed FEA 
analysis has been done in this work engine excitations were not coupled to the structural model 
Study of torque roll axis motion decoupling concept analytically and computationally in a realistic coupled 
power-train and frame system using discrete, proportionally damped linear models was reported in [4]. As they 
have observed that the derivation does not always lead to a physically realizable system, as each power-train mount 
is not referenced to a single location. This deficiency was overcome by deriving mount compatibility conditions to 
ensure realistic mount positions which are incorporated to proposed decoupling conditions. Mathematically it was 
shown that full decoupling is not possible for a practical system, hence partial decoupling paradigms were pursued. 
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They have found that Power-train mount design using only the decoupled power-train achieves better decoupling 
than minimizing the conditions for the coupled system using a total least square method. This work contains the 
detailed analysis on power-train isolation system.  
For abnormal engine vibration due to hidden engine design defects, manufacturing error or mount mismatching, 
the priority should be to re-match the mount, which is the easiest way to solve this problem. To remove low-
frequency intermittent traverse of an engine model, they have focused on engine mount matching research, and the 
torque roll axis (TRA) decoupling method was applied [5]. Methodology with the measured inertia characteristics of 
the power-train, the TRA theory was used to calculate the direction of TRA. A large decouple rate along TRA with 
acceptable decouple rate in other directions was given priority in guiding further adjustment on installation location, 
installation angle and stiffness of the four engine mounts. They have used energy decoupling theory to calculate the 
decouple rate after optimization, to validate whether the vibration direction with large excitation energy was 
decoupled to the greatest extent. It was observed that slight adjustments on the engine mount installation location, 
installation angle and stiffness can remove the abnormal low-frequency vibration phenomenon tremendously, and 
improve NVH performance of the vehicle. Limitations of this study: multiple hydraulic mounts can remarkably 
improve the performance of low frequency vibration isolation, but worsen the vehicle noise performance.  
 
2.2 Transfer path analysis using FEA 
 FEA is an important tool for doing NVH analysis. But conventional FEA procedures alone cannot predict how 
much noise a power-train will generate or which structural path is critical for noise reduction. Using FEA, another 
analysis procedure can be used for NVH analysis is transfer path analysis (TPA) this procedure gives clear 
information on which structural path contributes how much noise. In [6] NVH performance of the vehicle was 
predicted for early design stage of a vehicle, simulation of interior noise for assessment and enhancement of the 
noise, vibration and harshness (NVH) was carried out. They have used a hybrid TPA technique. For Hybrid TPA 
they had used simulated excitation force as the input force, which excites the flexible body of a vehicle at the mount 
points, while traditional TPA uses the measured force. This simulated force was obtained by numerical analysis of 
the finite element (FE) model of a power-train. Interior noise was predicted by multiplying the simulated force by 
the vibro-acoustic transfer function (VATF) of the vehicle. The VATF is the acoustic response in the compartment 
of a vehicle to the input force at the mount point of the power-train in the flexible car body. The trend of the 
predicted interior noise based on the hybrid TPA correlates well to the measured interior noise, with some difference 
may be due to small experimental and simulation error. 
Similar to previous work interior noise due to excitation force of a power-train was analyzed for a vehicle [7]. 
This paper presents a different approach to predict the interior noise caused by the vibration of the power-train by 
using the hybrid TPA (transfer path analysis) method. This work was done to modify the structure of a power-train 
by using experimental results for the reduction of vibration and noise. In order to solve this problem, numerical 
analysis of the vibration of the power-train in a vehicle was carried out by using the finite element method (FEM). 
The vibration of the other parts of the vehicle was investigated by using experiments based on vibrato-acoustic 
transfer function (VATF) analysis. These two methods are combined for the prediction of interior noise caused by a 
power-train. This work used the excitation force of the power-train exciting the vehicle body based on numerical 
simulation.  
. 
2.3 FEA model coupled with BEM 
Sometimes a detailed analysis is preferred to get the acoustic modes and sound pressure values at any point 
between the source and the receiver location. This requirement calls for building an acoustic cavity analysis, which 
takes the vibration inputs from a FEA model [8]. The acoustic cavity model using CAE can also be used early in the 
development cycle, the steps used for acoustic analysis is shown in Figure-3. However, unlike acoustic modal 
testing, the CAE normal mode solution cannot scale the relative amplitudes of the modes. The sheer number of 
acoustic modal frequencies to be avoided can be a serious deterrent during the early design phase. This work gives 
1171 Kailash Chandra Panda /  Procedia Engineering  144 ( 2016 )  1167 – 1174 
an alternate direction for acoustic modal analyses using CAE to scale the relative amplitudes of cavity modes. An 
omni-directional acoustic source was placed at critical interior cavity locations and acoustic frequency responses 
were generated akin to an acoustic modal test. They have successfully scaled the relative importance of the acoustic 
cavity modes, and had a reasonable correlation with modes found from actual testing. 
 
 
 
  
Figure 3. Steps used for FEA and BEM analysis 
 
2.3.Use of 1-D models for NVH analysis 
In general FEA and BEM analysis is used effectively to predict the NVH performance of a power-train or a 
vehicle. But for developing an active noise control strategy 1-D simulation with active noise control is often 
preferred to provide more focus on building control strategy. Also in some cases inputs from 1-D models are used 
for FEA analysis to obtain different types of loading conditions from different operating parameters.  In [9] detailed 
literature review on active systems were conducted. In this paper different NVH control examples implemented in 
automotive applications were presented, including control of engine vibrations, structure borne noise transmitted 
from the road into the passenger compartment and low-frequency chassis vibrations. The control strategy studied for 
different applications like feed forward and feedback control, single- and multi channel control systems and the 
utilization of different actuator concepts like active mounts, inertial mass actuators and active tuned absorbers, as 
well as different control sensors like accelerometers and microphones were also discussed.  
Use of MBD model for NVH analysis 
 MBD (Multi Body Dynamics) models are the choice of the day. As the FEA analysis can’t model the large 
deflection at bushings, hinges and joints, MBD analysis has been preferred for studying these dynamics. Different 
analysis approach using MBD has been followed first one is rigid body analysis approach where each link or 
component is assumed to be rigid only, the effect of large rotations and displacements are captured by this analysis. 
Another approach is: use of flexible bodies, in this analysis along with large displacements and rotations the effect 
of link or component flexibilities are also captured [2]. Work on ride quality improvement by modification of 
suspension system parameters was used for optimization of vehicle ride quality [10]. A Virtual MBD model of an 
off road car was developed. They have validated the results by different experimental tests. Also a sensitivity 
analysis was performed based on design of experiments (DOE) method. The steps used in a typical MBD analysis 
have been shown in Figure 4. 
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                                             Figure 4. Steps used for MBD analysis 
 
Power-train is main contributor for vehicle NVH issue. To achieve better NVH performance, it is critical to 
conduct NVH optimization during the power-train initial design stage [11]. This work presented an optimization of 
power-train NVH performance via modification of excitation–radiation system of power-train. To minimize 
excitation force of the gearbox with special focus on gear pair dynamic characteristics via the gear profile 
modification, and to reduce transmission housing noise radiation by enhancing its stiffness, were the main objective 
of this work. The excitation forces were analyzed by MBD method, considering different excitation mechanisms of 
the power-train. The vibro-acoustic behavior of power-train was obtained by FEM/BEM coupled analysis. The 
acoustic transfer vector (ATV) calculation was used to predict the power-train sound power level (SPL) and panel 
contributions. Based on the acquired NVH data of the power-train, the optimization which couples the transmission 
gear profile modification for attenuating gear system excitation and the structural stiffness modification for reducing 
transmission housing noise radiation was proposed. Experimental validation was conducted in order to evaluate the 
modified results. The evaluation showed the benefits of optimization in reducing the power-train noise and vibration 
 
2.5 MBD model with roboust optimization 
 
Sometimes in production phase we do not get the exact optimum dimensions of the components or sometimes 
sub-system performances are not up-to the desired value. This variation of design parameters from the designed 
optimum value creates undesirable performance deterioration. A study in estimating the robustness of performance 
to the variation of different parameters is very useful. This paper [12] presents a robust optimization method to 
decrease the variations in the performance of the designed system caused by the unavoidable manufacturing, 
installation or measurement errors of the design variables of power-train mount. Generally, it is difficult and costly 
to determine statistical information with sufficient precision for uncertain design variables; in this study, interval 
numbers were used to describe the uncertain design variables, and only the bounds of these variables were used. An 
improved interval truncation method was presented for estimating the effect of variations on the system 
performances. The robustness estimations of the system performances were incorporated into the optimization 
formulation to obtain the nominal design variables, which could make the system performances relatively robust; 
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therefore, the design robustness was estimated and improved in the optimization iteration process. The robust 
optimization method was applied to a general power-train mounting system (PMS) to improve the design robustness 
of the PMS decoupling layout and frequency allocation. The optimization results showed that the robust 
optimization method could effectively increase the decoupling ratios in the interested vertical and pitch directions, 
and the frequency allocation is more robust than that obtained using the traditional deterministic optimization. 
3. Conclusions 
 All the papers discussed above are good works and may address the main issues it is planned for. In all the above 
works the common issue NVH is addressed however many of them are not integrated models wherein the three steps 
of noise analysis i.e source of excitation, vibration transmission and noise generation are not in one platform but are 
in multiple software platforms and this makes it difficult to investigate the effect of interactions between different 
steps. To be very precise one model predicts the vibration amplitude and it’s characteristics and another model 
analyzes the effect of vibration by taking inputs from the other model and another model predicts the noise 
generation. Hence to improve the fidelity of the analysis all the three steps i.e source of excitation, vibration 
transmission and noise generation should be in one software platform and integrated to each other. This procedure 
not only takes longer time to develop but also makes the math model computationally expensive. All the 
components of a power-train like engine, transmission system, intake and exhaust systems with detailed component 
models like bearings, bushings, gear contacts, chain contacts etc. need to be incorporated. Also the model needs to 
be developed for predicting the performance in a particular gear state. This is the new challenge in system level 
NVH analysis of a power-train system and different analysis techniques need to be evolved to address this 
requirement. The required steps for an integrated coupled flex-body MBD simulation is shown in Figure-5 
 
 
 
 
Figure 5. Flex-body MBD analysis with coupled or co-simulation. 
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